In this review article recent developments in the asymmetric transfer hydrogenation of imines from 2008 up today are presented. The main methodology involves either metalcatalyzed procedures in the presence of a chiral ligand or organocatalyzed technologies using a Hantzsch ester and a chiral BINOL-derived phosphoric acid. The most important procedures are collected paying special attention to the synthetic application of this methodology in synthetic organic chemistry.
Introduction
One important transformation in synthetic organic chemistry is the reduction of imines to amines, which normally is carried out by (i) catalytic hydrogenation with molecular hydrogen, (ii) the use of metal hydrides, and (iii) transfer hydrogenation. 1 The last method presents some advantages concerning simple manipulation, safety, sustainability and possible industrial applications. 2, 3 Of particular interest is the asymmetric version of this process, namely the asymmetric transfer hydrogenation (ATH) trough which chiral amines are readily available from the corresponding imines, this methodology being an indirect way of transforming carbonyl compounds (the actual precursor of imines) into chiral amines. 4 For this reaction two general methodologies have been developed, namely (i) the metal catalysis (specially using ruthenium complexes, but also rhodium and iron derivatives) in the presence of a chiral ligand (usually a diamine derivative), or (ii) organocatalysis using a Hantzsch ester and a chiral phosphoric acid. 5 Concerning the general mechanism of the transfer hydrogenation, as for carbonyl compounds, three possible pathways have been proposed involving a dihydride intermediate (eq a), or a monohydride one through either an inner sphere ligand assistance (eq b) or an outer sphere participation of the ligand (eq c). Scheme 1 shows these variants applied to the use of isopropanol or formic acid as hydrogen sources. 2 In the present account we report in a non-exhaustive manner the most significant information on the ATH of imines covering the period from 2008 up today, paying special attention of the application of this technology to synthetic organic chemistry leading to enantioenriched amines.
Scheme 1.
Proposed mechanisms for the ATH of imines with isopropanol or formic acid as the hydrogen source.
Reaction Scope: Metal Catalysts and Chiral Ligands
The ATH of imines has been mainly carried out using organometallic complexes derived from ruthenium, rhodium or in minor extension with iron. Concerning chiral ligands, 1,2-aminoalcohols and specially 1,2-diamines and their derivatives have been successfully used for the mentioned reaction.
Ruthenium Catalysts
Monotosylated 1,2-diphenylenediamine (TsDPEN, 1) and their analogues in combination with a ruthenium complex 2 (Noyori's catalysts 6 ) were very efficient in the ATH of imines, specially for 1-substituted-3,4-dihydroisoquinolines. 7 Scalone and Ratovelomanana-Vidal et al. reported the ATH of dihydroisoquinolines 3 with the complex 2a using the formic acid/triethylamine combination as reducing mixture and isopropanol as solvent, so the expected products 4 were obtained with excellent results (Scheme 2). 8 Scheme 2. ATH of dihydroisoquinolines 3. 8 High yields (70-94%) and enantioselectivities (93-99% ee) were obtained by Liu and co-workers when complex 2c was used in the ATH of trifluoromethyl aryl N-p-methoxyphenyl ketimines with sodium formate as a hydrogen resource and water−dimethylformamide as a cosolvent. 9 The role of the aromatic ligand in complexes 2 for the reaction shown in Scheme 2 was investigated by Kacer et al. 10 who also studied the influence of the substituent at the sulfonyl moiety, in complex 2b and 2e,f.
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A theoretical study on the use of complex 2b in the ATH of different dihydroisoquinoline 3 with formic acid and triethylamine was performed by Kacer's group in order to explain the enantioselectivity observed in the process, 12 including the first report on the systematic parametric investigation on ATH of imines using complexes 2. 12b The same group carried out a DFT study of the ATH of acyclic acetophenone N-benzylimine with the complex 2b and the same reduction mixture, concluding that the configuration of the final amine depends on the configuration of the starting imine: the (E)-isomer leads to the (S)-amine and the (Z)-isomer is reduced to the (R)-amine with much lower enantioselectivity. 13 A series of substituted quinolines 5 were subjected to a ATH using the complex 6 and formic acid/triethylamine as the reducing mixture, so the corresponding tetrahydroquinolines 7 were obtained with good conversions but modest enantioselectivities (Scheme 3). 14 Scheme 3. Preparation of compounds 7.
14 Catalysts 2 (1 mol%), and other analogues with different substitution at the arene ring, were active in the ATH of different alkylated dihydroisoquinolines 8 and 2-aryl substituted imines 9 with formic acid and triethylamine giving the corresponding chiral amines with variable results (13-100% conv, 21-89% ee). 15 A series of N-substituted complexes 10 (1 mol%) were investigated by Wills et al. for the ATH of the imine 8 with R = Me and the formic acid/triethylamine combination. They found that a large alkyl group serves to significantly reduce the activity of the catalyst, however high enantiomeric excesses were still obtained. 16 The same group has investigated the role of the substitution at the non-tosylated nitrogen in TsDPEN complexes 11-13 17a (of type 2), as well as the one with oxygen-containing chain connecting the benzene ring and the non-tosylated nitrogen 14, 17b in the ATH of compound 8 with R = Me, using formic acid and triethylamine as the reducing mixture. In general, conversions were excellent but enantioselectivities were variable. 
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An interesting improvement of the former methodology was the substitution of the chiral amino alcohol by an achiral one. From several compounds of this type assayed, the commercially available ligand 33 was the most active, working not only for aromatic but also for aliphatic ketones, under similar reaction conditions. Yields (71-99%) and enantioselectivities (87->99% ee) are, in general, excellent.
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In the former case, a computational study was carried out concluding that the whole process is not concerted, showing that the reaction starts with an interaction between the ruthenium complex and the imine through a N-H-N hydrogen bond. From the first interaction I and through the most energetic transition state TS-I A , an intermediate II is formed, which then gives a second not so energetic transition state TS-I B , that finally produces the final products III as a complex with the ruthenium catalyst ( Figure 1) . A detailed study of all possible transition states could explain properly the observed diastereoselectivity in the first step of the process. The above mentioned methodology has been successfully applied to the synthesis of nitrogenated saturated heterocycles in a chiral form. Thus, starting from chloro or bromo sulfinyl imines 34, their ATH under the described conditions afforded, after basic treatment, the corresponding heterocycles 35 with excellent yields and diastereoselectivities (Scheme 6). The reaction was not possible for n = 1, because the starting imine could not be prepared, due to the elimination of hydrogen chloride from the carbonyl precursor under basic conditions. The corresponding desulfinylation of products 35 under acidic conditions afforded the corresponding deprotected heterocycles in an essentially enantiomerically pure form.
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Scheme 6. Preparation of heterocycles 35.
In another simple application of the same methodology, chiral lactams were prepared. The starting N-sulfonyl imino esters 36 (easily prepared from the corresponding keto esters) were submitted to the ATH technology and then to an desulfinylation under acidic conditions to give the lactams 37 through a spontaneous cyclization under the assayed reaction conditions (Scheme 7). As it happened in the chemistry described in Scheme 6, the change in the configuration of the sulfur atom in the starting N-sulfinyl imine gave the opposite configuration in the final product. 
Supported Catalysts
A catalyst derived from TsDPEN (1) and the ruthenium complex 2b was immobilized in a magnetic siliceous mesocelullar foam material (40) . This heterogeneous material afforded high catalytic activity in the ATH of the imine 8 with R = Me, using formic acid and triethylamine as the reducing mixture. The catalyst showed excellent durability and can be reused conveniently by an external magnet for at least nine times without noticeable loss of enantioselectivity (99% conv, 90-94% ee).
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The same methodology but without using magnetite was developed by Liu and Li for the ATH of several substituted 2-methylquinolines of type 5, using the preformed complex 41 immobilized in mesoporous silica and the fragment from the complex 2d. The activity of the complex (>99% conv, 96-99% ee) was kept after ten catalytic cycles, using in all cases a formic acid/sodium formate buffer aqueous solution (pH = 5.0). 28 The group of Haraguchi reported the synthesis of several neutral (42) or ionic (43, 44) immobilized ligands, which were used in combination with the complex 2b in the ATH of several imines of type 8 with R = Me or 22, as well as compounds 45 and 28, with good conversions (86->99%) and variable enantioselectivities (64-95% ee). In all cases, a mixture of formic acid and triethylamine was used for the hydrogenation. 29 The same group used copolymers of type 42 for the ATH of cyclic sulfonimides 46 with the ruthenium complex 2b and aqueous sodium formate as the reducing mixture. Conversions and enantioselectivities were variable, depending on the structure of the copolymeric ligand and the substrate. 
Synthetic Applications
The stereocenter of both enantiomers of tripargine 47 (an alkaloid isolated from the skin of the African racophorid frog) was created by an ATH of the corresponding imine with formic acid and triethylamine catalyzed by both enantiomers of complex 2b. 31 The same reaction condition, concerning catalyst and hydrogen source, were used for the stereoselective synthesis of norephedrine (48) and norpseudoephedrine (49) (two members of the amphetamine family of Ephedra alkaloids with synpathomimetic psychoactivity), the key step being the ATH of the racemic sulfamidate imine 50.
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Also the same combination of reagents and conditions were applied to generate the stereocenter at the C-1 in the β-carboline alkaloid eudistomidin G (51) (isolated from marine tunicates of the genus Eudistoma) by an ATH of the corresponding imine. 
Rhodium Catalysts
Rhodium catalysts 52 and 53 have shown to be very actyive in the ATH of different cyclic and acyclic imines of type 5, 8, 22, 46 and 54 using the formic acid/triethylamine combination as the reducing mixture. Conversions and enantioselectivities were variable in all cases. 14, 34 Xiao et al. investigated the influence of the substituent at the sulfonyl moiety in the monosubstituted chiral diamine 55, finding that the best results were obtained for the 4-tert-butylphenyl group. Thus, the corresponding complex 56 was efficiently used in the ATH of a large series of substituted quinolines 57 with sodium formate in buffered water to yield the corresponding tetrahydro derivatives 58, with excellent yields and enantioselectivities (Scheme 9).
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Scheme 9. Tetrahydroquinolines 58 prepared by ATH. 35 Among the wide number of compounds 58 prepared, three bioactive alkaloids, namely (+)-galipinine (59), (-)-angustureine (60) and (S)-flumequine (61) were synthesized using this methodology.
From the family of ligands 55, the one having R = 4-MeC 6 H 4 (55a) showed to be the most efficient in the rhodium-catalyzed ATH of different N-sulfonyl imines 62 in aqueous sodium formate, yielding the expected chiral tosyl amines 63, in general, with excellent results in terms of chemical yield and enantioselectivity (Scheme 10). Yields were improved slightly by addition of 10 mol% of Triton X-100. Other imines 64a-d behave also in the same way for the same process.
Scheme 10. ATH of sulfonyl imines 62 and 64. 36 An enantioselective synthesis of cyclic sulfamidates 66 was performed by a rhodium-catalyzed ATH of the imine derivatives 65, using the well-defined chiral complex 67 (of type 56), and the formic acid/triethylamine combination as the hydrogenation source (Scheme 11).
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Scheme 11. Preparation of sulfamidates 66.
The same catalyst 67 was satisfactorily used in the dynamic kinetic resolution (DKR) of racemic substituted sulfamidates 68 (of type 65), through an ATH with formic acid and triethylamine, so the corresponding products 69 were obtained with high yield, as well as diastereo-and enantioselectivity (Scheme 12). 
Organocatalyzed Reactions
Most of the organocatalyzed ATH reactions of imines use a chiral BINOL-derived phosphoric acid 78 as the catalyst and a Hantzsch ester 79 as the hydrogen source. Although turnover frequencies of organocatalytic imine hydrogenations are still lower than those of metal-catalyzed processes, there are some advantages concerning mild and environmentally friendly conditions, as well as excellent selectivities. 43, 44 Rueping proposed a general mechanism for the ATH of imines with the 78/79 combination that involves the protonation of the imine followed by a hydrogen transfer from the Hantzsch ester (Scheme 16). 
RECORD REVIEW
The same combination of the acid 78 with R = 9-anthryl, and 79 with R = Et, was used for the ATH of protected alkynyl imines 83, to give chiral vinyl amino esters 84, in which both the triple bond and the C=N one are reduced in one only step (Scheme 18).
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Scheme 18. Preparation of chiral allyl amines 84 47 In the case of starting from ketimines 85 the organocatalyzed ATH was carried out with a silylated phosphoric acid 78 with R = Ph 3 Si and a tert-butyl Hantzsch ester (79 with R = t-Bu), so the corresponding chiral amines 86 were obtained in high yield and enantioselectivity (Scheme 19).
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Scheme 19. Preparation of amines 86 by an ATH. 48 Rueping et al. have studied the ATH of different nitrogencontaining heterocycles. Thus, 3H-indoles 87 were treated with the Brønsted acid 78 with R = 9-anthryl, and 79 with R = Et, to afford the corresponding indolines 88, with excellent yields and enantioselectivities (Scheme 20).
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Scheme 20. Preparation of indolines 88 by an ATH. 49 The same group reported the ATH of 3-substituted quinolines 89, finding that the best reaction conditions were the use of the phosphoric acid 90 and the hydrogen donor 79 with R = i-Pr. The full hydrogenation of the heterocyclic ring led to the formation of the chiral tetrahydroquinolines 91, with variable yields and very good enantioselectivities (Scheme 21). 50a The same protocol was applied to 4-substituted quinolines with similar results.
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Scheme 21. Preparation of tetrahydroquinolines 91 by an ATH.
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For the ATH of 2-substituted quinolines 92 (of type 5), the best results were obtained with phosphoric acid 78 with R = 2,4,6-iPr 3 C 6 H 2 and the Hantzsch ester 79 with R = t-Bu, the process being carried out under aqueous conditions, to give the corresponding 2-substituted tetrahydroquinolines 93, in general with excellent results (Scheme 22).
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Scheme 22. Preparation of compounds 93 by an ATH. 51 Other heterocycles subjected to an ATH were 2-substituted quinoxalines 94, which by reaction with the phosphoric acid 78 with R = 9-anthryl and 79 with R = Et in chloroform, gave the expected tetrahydro derivatives 95 with excellent yields and enantioselectivities (Scheme 23). 52 The same conditions were applied to 2-substituted quinoxalin-3-ones with variable yields (42-75%) and excellent enantioselectivities (92-98% ee). Finally, Rueping's group reported the ATH of substituted 1,5-benzodiazepinones 96 using the Hantzsch ester 79 with R = allyl and the phosphoric acid amide 97 in tert-butyl methyl ether (MTBE), so the corresponding products 98 were isolated as the acyl derivatives with variable yields but excellent enantioselectivities (Scheme 24). 55 An interesting variant of the ATH using a chiral phosphoric acid was the use of polymers 101 and 102 prepared by radical copolymerization of the vinyl derivatives 103 and 104, respectively, with styrene and divinylbenzene. This way of heterogenizating of the catalyst allows the ATH of 2-substituted quinolines 92 and benzoxazine 105 (to give 106) with excellent results even after twelve cycles. 56 An interesting application of the ATH of imines is the organocatalyzed reductive amination of carbonyl compounds, in which an imine intermediate is reduced to the corresponding amine. In the case of methyl ketones 107, List et al. described the use of benzylamine in the reductive amination, using the Hantzsch ester 79 with R = Et, and the phosphoric acid 78 with R = anthryl, in order to get the corresponding amines 108 with variable results (Scheme 27). 57 The benzyl group is easily removed by standard hydrogenation catalyzed by palladium on coal.
Scheme 27. Reductive amination of ketones 107.
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The same process, but catalyzed by the nucleotide adenosine diphosphate (ADP) 109 and aromatic amines, was developed by Kumar et al. obtaining the corresponding chiral amines with excellent yields (85-96%) and enantioselectivities (75-89% ee). 58 One interesting aspect of the ATH of imines is the dynamic kinetic resolution (DKR), which was studied by Zhou et al. for quinolines 110, using the Hantzsch ester 111, and the phosphoric acid 112, in order to get the expected products 113 with variable yields and high diastereo-and enantioselectivities (Scheme 28).
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Scheme 28. Preparation of compounds 113 by a DKR. 59 List et al. applied the same principle of DKR to the reductive amination of 2-substituted cyclohexanones 114 with p-anisidine, using the phosphoric acid 78 with R = 2,4,6-i-Pr 3 , and the ester 78 with R = Et, in order to obtain the expected amines 115 with excellent results (Scheme 29). 60 This methodology has been applied to cyclopentanone derivatives with lower diastereoselectivity (1.6:1 for 2-n-butylcyclopentanone). In addition, the aryl group attached to the nitrogen atom is easily removed under oxidative conditions (CAN).
Scheme 29. Preparation of amines 115 by a DKR. 60 The origin of the enantioselectivity in the DKR of α-branched aldehydes, through a reductive amination with p-anisidine, in the presence of a Hantzsch ester 79 and the phosphoric acid 78 with R = 2,4,6-i-Pr 3 C 6 H 2 , was studied theoretically, and the computational model could explain the observed results. 61 When the DKR was applied to the benzodiazepines 116, the corresponding mixture of diastereomers 117 was obtained, the syn-isomer being the major one. For this process, the Hantzsch ester 79 with R = allyl, and the phosphoric acid 78 wit R = Ph, were used in chloroform (Scheme 30).
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Scheme 30. Preparation of compounds 117 by a DKR. 62 The ATH has also been applied to functionalized quinolines in order to prepare diastereoand enantioselectively tetrahydroquinolines. Thus, this methodology was used for quinolines bearing a sulfonamido, 63 trifluoromethyl, 64 
Enzymatic Reactions
To the best of our knowledgement there is one only report on the use of human carbonic anhydrase II (hCAII) in combination with several sulfamide-bearing IrCp* complexes 127-130 for the ATH of imines. X-ray studies revealed the existence of critical cofactor-protein interactions, which could be genetically optimized in order to improve the catalytic performance of the artificial enzyme. 
Conclusions
From the recent developments of the ATH of imines we can conclude that for metal catalysis ruthenium is the metal of choice together with the monotosylated chiral 1,2-diamine TsDPEN. More recently, the organocatalysis using a Hantzsch ester and a chiral phosphoric acid derived from BINOL played the most important role in the ATH of imines. As a general conclusion, we think that this methodology is a convenient, versatile and environmentally friendly procedure to generate chiral amines using simple manipulation and commercially available reagents.
